Abstract. During the 1998 Leonid meteor shower, multi-instrument observations of persistent meteor trains were made from the Starfire Optical Range on Kirtland Air Force Base, New Mexico, and from a secondary site in nearby Placitas, New Mexico. The University of Illinois Na resonance lidar measured the Na density and temperature in the trains, while various camera s captured images and videos of the trains, some of which were observed to persist for more than 30 min. The Na density measurements allow the contribution of Na airglow to the observed train luminescence to be quantified for the first time. To do this, persistent train luminescence is numerically modeled. Cylindriqal symmetry is assumed, and observed values of the Na density, temperature, and diffusivity are used. It is found that the expected Na luminosity is consistent with narrowband ccD all-sky camera observations, but that these emissions can contribute only a small fraction of the total light observed in a 0.5-1 /• bandwidth. Other potential luminosity sources are examined, in particular, light resulting from the possible excitation of monoxides of meteoric metals (particularly FeO) and 02(b•E.o +) during reactions between atmospheric oxygen species and meteoric metals. If is found that the total luminosity of these combined processes falls somewhat short of explaining the observed brightness, and thus additional luminosity sources still are needed. In addition, the brightness distribution, the so-called hollow cylinder effect, remains unexplained.
Introduction
One of the most fascinating and puzzling of meteoric phenomena is that of persistent meteor trains, selfluminous clouds that linger for several minutes after the passage of a meteor. A typical meteor train fades very quickly, lasting for only a few seconds, but a persistent train can endure for up to an hour or even longer. Such trains are extremely rare, occurring only as a result of bright meteors, and are typically associated with Perhaps the most widely accepted explanation for persistent train luminescence was put forth by Chapman [1955] . He suggested that the oxidation by Oa of neutral Na atoms deposited by the meteoroid during its ablation in the atmosphere and the subsequent reduction of the resulting NaO by atmospheric O could lead to excited Na atoms, which could then radiate. This is the same mechanism responsible for the Na airglow.
The complete Na oxidation-reduction sequence is Na+Oa • NaO+02, Na + O2 + N2 • NaO2 + N2,
NaO2+O
• NaO+02, NaO + Oa NaO+O • NaO2 + 02
• Na+ 202,
• Na(2P) + 02 • Na(2S) + 02, 
where photons emitted in (6) have a wavelength of 589 nm, the well-known Na D lines. The rates for these reactions have been measured [Plane and Helmet, 1994] and are presented in Table 1 Baggaley [1975] closely investigated the feasibility of the Na oxidation-reduction cycle as a possible source of train luminosity. At that time the rates of the reactions were not well known, and consequently, the early results were less than promising: even using a value of 1.0 for c•, Baggaley found that a meteor of visual magnitude -10.75 or brighter would be required to produce Na emissions of sufficient intensity to be visible to the naked eye. Later work, using improved rate coefficient estimates [Baggaley, 1978; Kolb and Elgin, 1976] , found the Na cycle to be capable of producing as much as 108 times more luminosity than Baggaley had originally shown, lowering the limit to-3.25 magnitude, which is in agreement with observations. Until now, it was unclear if, indeed, all visual luminosity arose from this mechanism. Experimental evidence supporting the Chapman [1955] The train shown in Plate la will be of primary interest in this paper because it is for this train that we have the most comprehensive set of measurements. Dubbed "Diamond Ring" because of its ring-like appearance, this train resulted from a meteor that oc- 
where npeak is the peak Na number density and cr is taken from fitting a Gaussian Aexp ( in Table 2 and l is the pixel length appropriate for the cut. The total calculated line emission for each cut is given in Table 2 for cuts 1-6. They are not given for 7 and 8 because the region is confused, and no attempt was made to make the cut at right angles to the trail as was done for cuts 1-6. The uncertainty assigned to let includes the uncertainty in the Gaussian fit amplitudes and ors, as well as a 10% uncertainty in the blackbody calibration of counts to flux density. These photometry measurements will be compared to the modeling results that follow.
Before moving on to describe the modeling efforts, though, it is interesting to compare the calibrated intensity measurements of the Diamond Ring to those give n by Hapgood [1980] for the meteor he observed. 
Comparison to Emission Calculations
The numerical model described here is similar to that used by Baggaley [1975] The curve at 96.67 km is not the same as in Figure 4 for cut 2, but shows instead that a single Gaussian underlies a broader fog.
were from meteors of a similar size and brightness. The radial profile of this distribution is taken to be Gaussian, and an initial radius of 1 m is used. From this initial size the trail is allowed to evolve under the influence of diffusion, while the ablated Na reacts with atmospheric species via the Chapman cycle of (1)-(5) at the rates given in Table 1 There is also significant uncertainty in the observed intensity levels, which are based on the assumption of a 50 R background emission. Background Na emissions are typically between about 20 and 200 R, and so, it Figure 4 . Thus, though it seems likely that the model overestimates somewhat the Na emissions, it should still be adequate for the purpose of the following analysis, which compares the predicted Na emissions to the total observed train luminosity. In section 3 the photometry of the Diamond Ring was investigated in some detail. Figure 4 shows the measured flux along several cuts across it. Peak emissions are between about 7 x1013 and 22 x1013 photons m -2 s -1 (7000-22,000 R), while the total emission per unit length of train, shown in Table 2 the Photometrics CCD image. As was discussed above, the uncertainty in the modeled emission intensity is significant. However, since the comparison with the Na all-sky images of the Diamond Ring indicates that the model tends to overestimate the Na emissions, it is reasonable to conclude that Chapman's mechanism is capable of producing only a small portion of the observed persistent train luminosity. Hence we must search for alternative sources of enduring emissions.
Iron Oxide Emission
The spectroscopic observations obtained during the airborne campaign provide a partial answer. The visual emission is dominated by a a broad continuum emission that underlays the sodium D lines Figure 3 . The measured integrated intensity of that continuum is about 40 times that of the sodium emission. Indeed, radiation from excited metal oxides produced as a result of the oxidation of meteoric metal atoms by Oa in (18) has been suggested before as a source of train luminosity [Baggaley, 1976] . Iron is one of the more abundant meteoric metals, significantly more abundant than Na. FeO produced in the reaction of Fe with Oa is known to produce radiation (primarily) in the FeO orange system [West and Broida, 1975 ] between 560 and 670 nm. 
